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Vehicles and Their Relation to Oxidative Potential
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Three light-duty passenger vehicles were tested in five configu-
rations in a chassis dynamometer study to determine the chemical
and oxidative potential of the particulate exhaust emissions. The
first vehicle was a diesel Honda with a three-stage oxidation sys-
tem. Its main catalyst was replaced with a diesel particulate filter
(DPF) and tested as a second configuration. The second vehicle was
a gasoline-fuelled Toyota Corolla with a three-way catalytic con-
verter. The last vehicle was an older Volkswagen Golf, tested using
petro-diesel in its original configuration, and biodiesel with an ox-
idation catalyst as an alternative configuration. Particulate matter
(PM) was collected on filters and subsequently analyzed using var-
ious chemical and toxicological assays. The production of reactive
oxygen species (ROS), quantified by the dithiothreitol (DTT) and
macrophage-ROS assays, was used to measure the PM-induced ox-
idative potential. The results showed that the Golf vehicle in both
configurations had the highest emissions of organic species (PAHs,
hopanes, steranes, and organic acids). The DPF-equipped diesel
Accord car emitted PM with the lowest amounts of organic species
and the lowest oxidative potential. Correlation analyses showed
that soluble Fe is strongly associated with particulate ROS activity
(R = 0.99), while PAHs and hopanes were highly associated with
DTT consumption rates (R = 0.94 and 0.91, respectively). In partic-
ular, tracers of lube oil emissions, namely Zn, P, Ca, and hopanes,
were strongly correlated with distance-based DTT consumption
rates (R = 0.96, 0.92, 0.83, and 0.91, respectively), suggesting that
incomplete combustion of lube oil might be important driving fac-
tors of the overall PM-induced oxidative stress.
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[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION

Motor vehicle emissions are the dominant sources of partic-
ulate matter (PM) in urban cities, and numerous studies have
linked vehicular exhaust particles to adverse health effects, in-
cluding premature deaths (Tsai et al. 2000; Hoek et al. 2002),
respiratory and cardiovascular health problems (Stayner et al.
1998; Harrod et al. 2005; Pope and Dockery 2006; Seagrave
et al. 2006; Gauderman et al. 2007; McDonald et al. 2007), and
neurodegenerative disorders (Peters et al. 2006). Primary PM
emitted by vehicles contains a variety of chemical constituents
such as organic carbon, elemental carbon, trace elements, inor-
ganic ions, etc. Its composition varies depending on the vehicle
age and type, fuel, and after-treatment technology. Diesel par-
ticulate matter (DPM), in particular, is found to be harmful to
both human health and the environment (Stayner et al. 1998;
Lloyd and Cackette 2001). Both regulatory and engine man-
ufacturing communities have devoted significant resources to
emission reductions from diesel-powered engines.

To protect public health, more stringent PM mass based emis-
sion standards (US EPA 2007, 2010; EURO 4, 5) were promul-
gated. The new light-duty diesel vehicles introduced in the U.S.
with the 2009 model year are equipped with after-treatment de-
vices to meet the US EPA 2007 standards. With the exception of
diesel vehicles operating with no emission control technologies,
a substantial amount of PM emitted by both light- and heavy-
duty vehicles is semi-volatile in nature, formed by condensation
of super saturated vapors as they cool down in the ambient at-
mosphere (Sakurai et al. 2003; Biswas et al. 2009a). The semi-
volatile PM fraction of vehicle emissions is extremely important
in terms of its contribution to human exposure. Diesel particle
filter technologies appear to remove the non-volatile fraction
efficiently, but are less effective in controlling the volatile/semi-
volatile portion (Biswas et al. 2009a). While numerous studies
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have focused on the effects of different control technologies
on emissions from heavy-duty diesel trucks, there is a limited
number of papers in the literature discussing the composition of
unregulated pollutants emitted from light duty diesel vehicles
equipped with after-treatment devices. This information is vital
in evaluating the overall effectiveness of after-treatment tech-
nologies in reducing emissions of harmful compounds to the
atmosphere.

Within the last two decades, significant research on alterna-
tive motor vehicle fuels to address the adverse environmental
effects (including climate change) of traditional fuels was un-
dertaken. Among these, biofuels (which are virtually free of
sulfur and aromatic compounds), are the focus of CO, abate-
ment strategies due to their renewable character and their ability
to be used in standard engines without modifications. Exten-
sive research has been conducted to investigate the emissions
of regulated species (Wang et al. 2000; Shi et al. 2006) from
vehicles operating with biodiesel. However, there is a lack of
toxicological data and detailed chemical analysis of unregulated
species. It is therefore important to assess the toxic properties
of PM emitted by vehicles using this type of fuel whose use is
expected to be widespread in the future.

In this study, three light-duty vehicles in five different con-
figurations (varying in vehicle type and age, fuel, and emission
control technologies) were tested to study both the toxic activity
of the emitted PM and the relevant factors affecting toxicity. The
production of reactive oxygen species (ROS) has been shown to
generate oxidative stress and play a direct role in modulating ad-
verse health outcomes related to particle exposure (Donaldson
et al. 2001; Li et al. 2003; Sheesley et al. 2003), and is there-
fore used to assess toxicity. Both molecular (dithiothreitol) and
cellular (macrophage-ROS) assays are available to quantify the
production of ROS. While these two assays are based on differ-
ent biological mechanisms and pathways (see the Materials and
Methods section for details), they nonetheless provide useful
insights to the potential formation of ROS from particulate ex-
haust emissions. The objectives of this research were to collect
samples from vehicles with distinctively different PM chemi-
cal profiles and identify the correlations between the chemical
species and oxidative potential. This analysis will enable us to
gain insight on the toxicological impacts of future changes in
vehicle fleet and planned emission control strategies.

2. MATERIALS AND METHODS

2.1. Study Design

The chassis dynamometer experiments were carried out at
the light-duty dynamometer facility of the Laboratory of Ap-
plied Thermodynamics at Aristotle University in Thessaloniki,
Greece. A summary of the study design is described below,
and further, more detailed information is provided in a previous
study publication (Cheung et al. 2009).

Three light-duty passenger vehicles in five different config-
urations were tested. The first vehicle was a Honda Accord
2.2 L operated with low sulfur diesel (<10 ppm) fuel. This

vehicle (Accord diesel) was equipped with a three-stage ox-
idation system including a closed-coupled oxidation catalyst,
exhaust gas recirculation, and a main underbody oxidation cat-
alyst, meeting the “Euro 4” emission standards. The main oxi-
dation catalyst was then replaced with a diesel particulate filter
(DPF) and tested as an alternative configuration (DPF-Accord).
The DPF was a Pt-coated SiC filter of octagonal channel cross-
section with 300 cells per square inch. The platinum coating
acts as a media for catalytic oxidation. In this configuration,
the vehicle complies with the expected (2010) “Euro 5” emis-
sion standards with regard to its PM emission levels. This car is
considered representative of diesel emission levels of today and
future vehicle technologies. The second vehicle was a “Euro
3”-compliant Toyota Corolla 1.8 L operated using unleaded
gasoline with a research octane number of 95 and a nominal
sulfur content of 50 ppm by weight. It was equipped with a typi-
cal three-way catalytic converter and twin lambda sensors. This
gasoline vehicle (Corolla gasoline) was chosen to compare the
oxidative potential between diesel and gasoline emissions, al-
though the latter is known to have comparatively lower PM emis-
sion levels. The last vehicle was a Volkswagen Golf 1.9 L diesel
passenger car, operated using diesel fuel with 50 ppm sulfur con-
tent. The originally equipped oxidation catalyst was removed to
represent the baseline conditions (Golf diesel). It was therefore
only a “Euro 1” vehicle with no after-treatment devices. The
same vehicle was tested using sulfur-free neat soy biodiesel
fuel (Golf biodiesel). When tested with the biodiesel, the vehi-
cle was equipped with an oxidation catalyst, thus representing
“Euro 2” compliance. Properties of the fuel (both petro-diesel
and biodiesel) used in the Golf vehicle are listed in Table 1. A
tabulated comparison of the 5 configurations in this study can be
found in Table S1 of Cheung et al. (2009). All vehicles are owned
by the Laboratory of Applied Thermodynamics and the manu-
facturer’s maintenance schedule has been followed for each. All
after-treatment devices (except (removal of) the DPF) have been
used over the lifetime of the vehicles tested (45,000 km for the
Honda Accord, 100,000 km for the Toyota Corolla, and 168,000
km for the Volkswagen Golf). It should also be noted that the
addition or removal of a control device might lead to changes
in the engine operation, and the exhaust emissions in this study
were not optimized with the configurations used. The emission
rates might be different if the engine and the after-treatment
system is calibrated and optimized in the new configuration.
Each vehicle/configuration was driven on the chassis dy-
namometer using the same protocol: a variety of real-world
driving cycles (Artemis Cycles) (Andre 2004) and the certifi-
cation test (New European Driving Cycle). The three Artemis
driving cycles (urban, rural road, and motorway) consist of fre-
quent speed variation and stronger acceleration compared to
the NEDC, and were designed to simulate typical driving con-
ditions in Europe. The vehicle and the sampling system were
pre-conditioned by running three extra urban driving cycles
(EUDC), according to the specifications of the UNECE R83 reg-
ulation. After the pre-conditioning, the vehicle was conditioned
at room temperature for at least 8 hours before conducting the
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TABLE 1
(a) Fuel properties of the petrodiesel used in the Golf vehicle

Properties Units Petroleum diesel EN 590 limits Test method
Viscosity (40°C) mm? s~! 3.61 2.00-4.50 EN ISO 3104
Density (15°C) gem™ 0.8345 0.820-0.845 ENISO 3675
Flash point °C 71 55 min EN 22719
Sulfur content ngg™! 29 50 max EN ISO 20846
Water content nge! 52 200 max EN ISO 12937
Cold filter plugging point (CFPP) °C -9 + 5 max EN 116
Cetane number 55.5 51 min EN ISO 5165
Distillation EN ISO 3405
Initial boiling point (IBP) 179

10% 220

50% 281

90% 344
Final boiling point (FBP) 367
Gross heating value cal g7! 10900 — IP 12

(b) Fuel properties of the biodiesel used in the Golf vehicle

Property Units Biodiesel EN 14214 limits Test method
Viscosity, 40°C mm? s~ 4.4 3.5-5.0 EN ISO 3104
Density, 15°C gem™ 0.8816 0.860-0.900 EN ISO 12185
Flash point °C >166 120 min EN ISO 3679
Sulfur content ngg 2.0 10.0 max EN ISO 20846
Water content ug g™ 450 500 max EN ISO 12937
Copper strip corrosion (3 h at 50°C) Rating 1A Class 1 EN ISO 2160
CFPP °C -7 -5 max EN 116
Cetane number 52 51 min ENISO 5165
Sulfated ash content 9 (m/m) <0.01 0.02 max ISO 3987
Oxidation stability, 110°C Hours 4.6 6 min EN 14112
Iodine number 122 120 max EN 14111
Acid value mg KOH g~! 0.4 0.50 max EN 14104
Monoglyceride content % (m/m) 0.77 0.80 max EN 14105
Diglyceride content % (m/m) 0.19 0.20 max EN 14105
Triglyceride content % (m/m) 0.11 0.20 max EN 14105
Free glycerol % (m/m) 0.05 0.02 max EN 14106
Total glycerol % (m/m) 0.23 0.25 max EN 14105
Methanol content 9%0(m/m) 0.12 0.20 max EN 14110
Ester content 9 (m/m) 96.6 96.5 min
Linolenic acid methyl ester % (m/m) 5.77 12 max
Group I Metals (Na+K) ugg™! <0.01,0.9 5.0 max EN 14108
EN 14109
Phosphorous content ngg™! 5 10 max EN 14107
Gross heating value cal ¢! 9228 — IP 12

tests, in order to effectively achieve a cold-start in the next sam-
pling period. In the case of the DPF-equipped car, the filter was
regenerated before installation on the vehicle and a moderate
soot loading was accumulated over the three EUDCs used for
pre-conditioning. Monitoring of the inlet and outlet tempera-

ture in the filter ensured that no regeneration occurred during
our measurements.

The exhaust gas was primarily diluted and conditioned in a
dilution tunnel, following the regulated constant volume sam-
pling (CVS) technique. A 6 m long corrugated stainless steel
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tube transferred the exhaust from the tailpipe to the CVS dilu-
tion tunnel inlet. The tube was insulated to minimize heat losses
and particle thermophoresis and was clamped onto the vehicle
exhaust pipe with a metal-to-metal connection to avoid expos-
ing the hot exhaust gas to any synthetic material connectors.
The CVS flow rate was maintained constantly at 600 Nm?/h
by a positive displacement pump. PM from the CVS tunnel
was collected by filters. Tunnel filter blanks were also collected
to measure the background concentration of the dilution tun-
nel. The sampling system consisted of two filter holders hosting
Quartz (47 mm Pallflex TISSU Quartz 2500 QAT-UP) and poly-
tetrafluoroethylene (Teflon — 47 mm Pallflex TX40HI20-WW)
filters, a Versatile Aerosol Concentration Enrichment System
(VACES) (Kim et al. 2001; Zhao et al. 2005) and two additional
Quartz and Teflon filters downstream of the VACES. (Figure 1,
Cheung et al. 2009 for a schematic of the sampling setup.) In
this article, only the results from the Quartz filter collected up-
stream of the VACES are discussed in details (the results using
the VACES are reported by Cheung et al. 2009). The nominal
flow rates through the upstream filters were 20 lpm, and were
recorded by TSI 4043 flow meters with a certified accuracy of
2%. After sampling, all filter samples were stored in the —20°C
freezers until subsequent analysis.

2.2. Chemical Analysis

Total emitted PM mass concentrations have been determined
by weighing the Teflon filter substrates used to collect the ex-
haust emissions. Water extracts of the Teflon filters were ana-
lyzed for water soluble organic carbon (WSOC) and inorganic
ions, using a Sievers Total Organic Carbon analyzer (General
Electric, Inc.) (Zhang et al. 2008) and ion chromatography
(Lough et al. 2005), respectively. Elemental carbon (EC) and
organic carbon (OC) analyses were conducted using the Quartz
filters according to the NIOSH Thermal Desorption/Optical
Transmission method (Birch and Cary 1996). Detailed chemi-
cal analyses of mass, WSOC, IC, and EC/OC were presented in
Cheung et al. (2009).

The analyses conducted below constitute the basis of this
article. The Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS) was used to determine the concentrations of the wa-
ter soluble trace elements in the particles. The results from
the ICP analysis include the following: Na, Mg, Al, K, Ca,
Ti, V, Cr, Be, S, Mn, Fe, Co, Cu, Zn, Mo, V, Sr, Ba, Cd, Pt,
Pb, and Ni. They were selected due to their toxic potential
through inhalation (Vogl and Elstner 1989; Becker et al. 2005).
Lough et al. (2005) describes the procedures for the sample pro-
cessing (e.g., filter/substrate extraction methods and digestion).
The organic species, including polycyclic aromatic hydrocarbon
(PAHs), hopanes, steranes, n-alkanes, and organic acids, were
quantified by gas chromatography/mass spectrometry (GC/MS)
(Stone et al. 2008).

The toxic activity of exhaust emission was evaluated using
a cellular ROS assay in addition to the molecular dithiothreitol
(DTT) test. In brief, the DTT test provides a measure of the
overall redox activity of the sample based on the ability to cat-

alyze electron transfer between DTT and oxygen in a cell-free
system (Cho et al. 2005). Details of this method were presented
in Cheung et al. (2009). Cellular production of ROS by the emis-
sions samples was measured using a rat alveolar macrophage
assay. Details of the assay have been presented by Landreman
et al. (2008) and are only briefly described here. Samples were
extracted with purified water and then filtered with a 0.22 um
pore size filter to isolate the water-soluble and colloidal fraction
of the sample. The sample extracts were then buffered in a salt
and glucose medium and subsequently split to prepare aliquots
of diluted and non-diluted samples for cell exposures in tripli-
cate. The aliquots were mixed with NR8383 rat alveolar cells
that were grown from samples obtained from the American Type
Culture Collection (ATCC) and 2'7'-dicholorohidroflourescin
diacetate (DCFH-DA) in 96-well plates and incubated at 37°C
for 2 h. Fluorescence intensity after the incubation was mea-
sured using a Cytoflour II automated fluorescence plate reader.
Positive and negative controls were analyzed along with each set
of samples. Un-opsonized Zymosan (a 8-1,3-polysachharide of
D-glucose) was used as a primary positive control and all results
were reported in units of Zymosan equivalents. This ROS assay
has been previously used to characterize a wide range of aerosol
samples including atmospheric particulate matter samples from
Denver (Zhang et al. 2008) and Los Angeles (Hu et al. 2008),
as well as atmospheric aerosol samples impacted by large forest
fires (Verma et al. 2009).

The results presented in this article were tunnel blank sub-
tracted to account for trace levels of individual chemical con-
stituents in the sampling tunnel. Tunnel blank subtracted values
<0 were reported as below detection limit (BDL), and were
interpreted as zeros in all calculations and correlations. Tunnel
blanks subtracted values that are larger than zero are reported
with uncertainties. A limit of detection (LOD) table is provided
in the online Supplemental Information as a reference; and the
detection limit is defined as 3 times the analytical uncertainty in
this study.

3. RESULTS AND DISCUSSION

3.1. Emission Factors of Trace Elements and Metals

Table 2 lists emission factors of: (a) PM mass, elemental
carbon (EC), organic carbon (OC), and sulfate, (b) selected trace
elements and metals. Crustal elements are shown at the top of the
Table 2b because their contributions to elemental emissions are
higher than anthropogenic elements in diesel vehicles (Wang
et al. 2003). Emission factors in Table 2a were reported and
discussed in detail in the previous publication (Cheung et al.
2009), and are only included here to put the rest of the results in
perspective. In summary, the Golf diesel and biodiesel vehicles
were characterized by the highest PM mass emissions. The DPF-
equipped diesel vehicle reduced 98% of the mass emissions
compared to its original configuration, and to a level lower than
the gasoline car.

Sulfur emissions were highest among the non-metallic ele-
ments in each vehicle/configuration. The high sulfur emission
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TABLE 2
(a) Emission factors of PM mass (mg/km), elemental carbon (mg/km), organic carbon (mg/km), and sulfate (mg/km).
(b) Emission factors of selected trace elements and metals (ng/km)

Accord diesel DPF-Accord Corolla gasoline Golf diesel Golf biodiesel
PM Mass* 27.13 0.63 241 72.08 41.20
Elemental carbon* 19.6 £ 0.5 0.03 £ 0.01 0.05 £0.01 39.1 £1.08 6.73 £0.19
Organic carbon* 492 £0.14 0.51 £ 0.03 0.95 £ 0.04 242+ 0.6 244+ 0.6
Sulfate* 0.07 £ 0.01 0.1 £0.01 0.99 £ 0.05 0.14 £ 0.01 0.26 £ 0.01
Al 148 +43 20.6 £12.3 21.1 £12.8 1,160 + 38 83.1 £27.2
Ca 15,100 £ 1,340 BDL 29,700 £ 742 118,000 + 2,080 54,200 + 1,740
Fe 523 +20.5 10.0 £8.6 622 £+ 10 618 £17 428 £ 19
Mg 5,100 £ 127 260 £ 45 1,590 £ 69 4,740 £+ 140 8,200 + 176
Na 17,700 % 566 BDL 4,760 £ 160 25,300 £ 356 149,000 =+ 2,650
P 4,590 + 148 254 £ 49 3,670 £ 56 31,800 £ 682 29,900 £ 604
S 24,500 1,460 30,800 +£1,170 301,000 % 6,350 81,400 £ 1,660 78,000 £+ 1,130
K 10,300 £ 581 BDL 4,050 £ 298 13,500 + 953 524,000 + 28,600
v 37.8+£29 BDL 5.26 +0.84 273+ 1.6 472 +£2.1
Cr 341 +£7 67.6 £4.6 464 + 6.5 245 +7 247+ 8
Mn 124 + 24 353£11.2 1,640 + 16 426 £ 23 432 £23
Co 5.78 £0.70 2.85 £ 0.69 175+ 0.5 232 +£0.9 64.8 £ 1.8
Ni 160 £ 21 104 £ 10 158 £10 196 + 21 59.2 £ 18.7
Cu BDL BDL 708 £ 8 BDL 463+ 11.0
Zn 7,020 £+ 164 372 £ 65 2,260 £+ 60 22,300 + 187 22,300 + 403
Cd 523+0.79 0.82 £ 0.28 2.69 +0.48 5.53+0.88 4.08 + 0.96
Ba 142 + 26 BDL 42.1 £10.0 185 + 21 199 + 19
Pb 18.2+0.8 239 £0.35 279+£04 247 +2 14.1 £ 0.7

*Data reported in Table 1, Cheung et al. (2009).

observed in the gasoline vehicle is consistent with the inor-
ganic ions data, which showed high sulfate ion emissions. Sul-
fate emission (0.99 mg/km) was about 3.2 times that of sulfur
(0.30 mg/km), very close to the molecular weight ratio of sulfate
to sulfur, suggesting that most of the sulfur come from sulfates.
When compared with the Golf diesel vehicle, which used fuel
with the same sulfur content and lube oil with different sulfur
content, the gasoline car yielded higher sulfur emissions. The
diesel vehicle used a lubrication oil of 8900 ppm S, while the
respective value for the oil used in the gasoline vehicle was
5000 ppm. Since our historical records of lubricant oil con-
sumption rates for the two vehicles (~50 ml/1000 km) do not
provide evidence of higher consumption of the gasoline than the
diesel vehicle, we hypothesize that the high sulfate emissions
in the gasoline car are due to the formation of sulfate nanopar-
ticles through nucleation processes occurring downstream of
the 3-way catalytic converter. Gasoline vehicles do not usually
produce high sulfate levels because there is no oxygen surplus
in the exhaust to oxidize sulfur. This particular gasoline vehi-
cle, however, was equipped with secondary air injection, i.e., a
small quantity of secondary air (SAI) is injected into the exhaust
when required to oxidize hydrocarbons and carbon monoxide.

This SAI may result in high sulfate formation as it provides the
missing oxygen to form sulfates. The gasoline vehicle was also
characterized by higher emissions of Mn, Fe, and Cu compared
with the DPF-Accord vehicle, consistent with previous studies
(Geller et al. 2006). Mn is a known knock improver; it was
probably used in the gasoline car at trace concentration levels
in order to improve the octane number of the fuel.

Despite the high emission reductions of most inorganic ions,
the Accord vehicle shows a 26% increase in sulfur emissions
when equipped with the DPF. Several earlier studies showed that
particle nucleation in diesel vehicles occurs following the after-
treatment devices (Vaaraslahti et al. 2004; Kittelson et al. 2006;
Biswas et al. 2009b). For example, Vaaraslahti et al. showed for-
mation of new particles occurred downstream of the DPF and
suggested that sulfuric acid was the main nucleating species
(Vaaraslahti et al. 2004). Biswas et al. (2009b) showed that the
formation of fresh nanoparticles via nucleation in DPF-equipped
diesel trucks was attributed to a ternary nucleation process in-
volving sulfuric acid, water vapor, and ammonia. These obser-
vations are consistent with our study.

Sulfur emissions are similar between the two configurations
(petro-diesel or biodiesel) of Golf vehicle, which used the same



Downloaded by [63.146.253.187] at 08:27 16 November 2012

GASOLINE, DIESEL, AND BIODIESEL PASSENGER VEHICLE EMISSIONS 505

lube oil, suggesting that a significant fraction of sulfur in these
configurations may be originating from lube oil. The diesel
vehicle (Golf) used a fuel with a 50 ppm S content, and without
any after-treatment technology, particulate sulfur could be con-
tributed by both the fuel and the lube oil. But its sulfur emission
(81.4 pg/km) is relatively low considering the high sulfur con-
tent in its fuel. Thus, it is believed that most of the sulfur was
converted to SO, and released as a gas. Although the biodiesel
vehicle had less sulfur in its fuel, its oxidation catalyst may
counterbalance the reduced sulfur by oxidizing any trace sulfur
in the fuel and the lube oil.

Potassium and sodium emissions were higher in the biodiesel
vehicle compared to the same vehicle operating with diesel by
factors of 39 and 6, respectively. The increased emissions of
these species may be due to the fact that KOH and NaOH were
used as catalysts in the esterification process. These compounds
probably remained in the biodiesel and were subsequently emit-
ted as particles.

3.2. Emission Factors of Organic Species

Table 3 shows the emission factors of PAHs, hopanes,
steranes, alkanes, and organic acids (OA). PAHs are subdivided
into three categories according to their molecular weights
(MW): MW < 228 [Phenanthrene, anthracene, fluoranthene,
acephenanthrylene, pyrene, methylfluoranthene, benzo(GHI)-
fluoranthene,  cyclopenta(cd)pyrene,  benz(a)anthracene,
chrysene], MW = 252 [Benzo(b)fluoranthene, benzo(k)-
fluoranthene, benzo(j)fluoranthene, benzo(e)pyrene and
benzo(a)pyrene] and MW > 276 [Indeno (1,2,3-cd)pyrene,
benzo(ghi)perylene, dibenz(ah)anthracene, picene, coronene,
and dibenzo(ae)pyrene]. Unsurprisingly, the Golf diesel vehicle
with no after-treatment device emitted the highest amount of
PAHs, followed by the biodiesel car. The gasoline vehicle
emitted higher proportions of heavy PAHs (MW > 276)
compared to the petro-diesel vehicles, also consistent with
previous studies (Miguel et al. 1998; Zielinska et al. 2004).
Heavier MW PAHs are emitted only from the gasoline and
biodiesel cars. Light MW PAH (MW < 228) emissions were

highest for the Golf diesel vehicle, followed by the Golf
biodiesel and the Accord diesel. Biodiesel emissions of light
MW PAHs were modestly reduced by 50% compared with its
original (diesel) configuration, as previously reported (Correa
and Arbilla 2006; Chien et al. 2009). This reduction could be
attributable to the properties of the soybean biodiesel. Unlike
petro-diesel, this fuel has very little or negligible aromatic
content. The oxygen atoms in the biodiesel esters together with
the oxidation catalyst might have also facilitated the oxidation
of the PAHs. The different PAH profile of the biodiesel
vehicle compared to its diesel configuration also provides a
good indication of the distinct combustion chemistry between
biodiesel and petro-diesel. Biodiesel contains unsaturated
components and results in higher flame temperatures than
petro-diesel, providing favorable conditions for the formation
of larger PAH molecules (Jha et al. 2008).

Light MW PAHs are important in terms of the potential
to generate oxidative stress (Li et al. 2003). While heavier
MW PAHs are typically present in the particle phase, the light
MW semi-volatile PAHs partition between the gas and parti-
cle phases. The Accord with the DPF removed the semi-volatile
PAHs to levels below their detection limits, which is much lower
than emissions from the Accord in its original configuration,
highlighting its effectiveness from the toxicological perspec-
tive. The Golf diesel vehicle emitted the highest amounts of
semi-volatile PAHs compared with the other two vehicles. As
stated earlier, the semi-volatile PAHs emissions of the biodiesel
vehicle was decreased by 50%, compared to its baseline petro-
diesel configuration. Nonetheless, the sum of the semi-volatile
PAHs from the biodiesel car (7.76 pg/km) is still much higher
than the Accord diesel (2.55 pg/km), the DPF-Accord (BDL)
and the gasoline vehicles (0.20 pg/km).

Figure 1 shows 12 of the 16 U.S. EPA priority PAHs identified
in this study of which 7 are probable human carcinogens. The
baseline diesel vehicle emitted the highest total sum of these
12 PAHs (13.9 upg/km), followed by biodiesel (8.54 pg/km)
and the Accord diesel (2.55 pg/km). The DPF-equipped Ac-
cord diesel vehicle removed the 12 PAHs to levels below their

TABLE 3
Emission factors (ug/km) of PAHs, hopanes, steranes, alkanes, and organic acid (OA)

Accord diesel DPF-Accord Corolla gasoline Golf diesel Golf biodiesel
> PAHs 2.55+0.43 BDL 0.67 £ 0.08 165+ 14 104+ 0.9
3> PAHs, MW < 228 2.25+0.43 BDL 0.20 £ 0.05 156+ 14 7.76 £ 0.90
Y. PAHs, MW = 252 BDL BDL 0.22 +£0.04 0.90 £ 0.16 1.34 £ 0.19
Y. PAHs, MW > 276 BDL BDL 0.25 £ 0.04 BDL 134+ 0.2
% Hopanes 0.94 +0.15 0.01 £ 0.02 0.09 +0.03 67.9+55 59.5 + 4.8
Y Steranes BDL BDL BDL 234+19 202+ 1.6
3 Alkanes 197 £+ 30 6.95 +5.34 9.78 £+ 3.09 981 + 84 125 £ 27
¥ Organics acids 1.04 +£3.74 6.67 + 4.84 7.13 +£4.95 342 + 43 5,240 4+ 355
Y 0A, C9-14 BDL 132+ 1.12 1.71 £ 1.33 11.34£5.0 177+ 6.3
¥ 0A, C15-29 1.04 +3.74 5.35+4.70 542 +4.77 331 +43 5,220 + 354
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FIG. 1. Emission factors (ng/km) of 12 priority polycyclic aromatic hydrocarbons (PAHs) classified by the US EPA.

detection limits as a result of the effectiveness of the DPF in
removing these carcinogenic compounds. The Golf diesel ve-
hicle emitted 4 out of the 7 probable carcinogenic PAHs, rang-
ing from 128 to 1180 ng/km. The same vehicle operated using
biodiesel emitted 6 out of 7 probable carcinogenic PAHs at
concentrations varying from 154 to 609 ng/km. The gasoline
car emitted a considerable amount of carcinogenic PAHs, but
in concentrations lower than the baseline diesel and biodiesel
vehicles. Our findings therefore indicate that the use of efficient
emission control technologies (such as DPF) or cleaner fuel
(gasoline) may be far more effective in reducing the emissions
of carcinogenic substances like PAHs than the use of biodiesel.

Figure 2 shows the emission factors of individual hopanes
and steranes. Hopanes and steranes originate from lube oil and
are widely used as tracers of vehicular emissions (Rogge et al.
1993; Fraser et al. 1999). The Golf vehicle emitted the high-
est hopane and sterane emissions in both of its configurations
compared with the other two vehicles. Although the biodiesel
configuration was equipped with an oxidation catalyst, it did
not effectively remove any hopanes and steranes. In addition,
the obvious similarity in the emission factors and profiles of
hopanes and steranes suggests that they were exclusively from
lube oil, since these two vehicle configurations used different
fuel (petro-diesel and biodiesel) but the same lube oil. When the
emission factors (pg/km) of the hopanes are normalized to total
carbon (OC+EC) (mg/km), the ratios are 1073 and 1911 ng/g
for the Golf diesel and Golf biodiesel vehicles, respectively.
The difference might be attributable to the much lower EC lev-
els in the biodiesel configuration. The DPF-Accord vehicle, on

the other hand, yielded high reductions of hopanes and steranes
compared to its original configuration. The DPF reduced 4 of
the 7 hopanes to concentration levels below their limits of de-
tection. The Accord diesel and the gasoline vehicle did not emit
detectable amounts of steranes. This may be important in future
studies. As steranes are often used as tracers of vehicle exhaust,
non-detectable emissions by cleaner and newer vehicles might
impact modeling efforts in source apportionment studies.

Alkanes are species that may originate from diesel fuel as
well as unburned oil. Thus, high alkane emissions are observed
for the baseline diesel vehicle, followed by the Accord diesel
vehicle. Figure 3 shows the emission factors of speciated alka-
nes for each vehicle/configuration. The Golf diesel vehicle with
no after-treatment technology emitted high levels of nonade-
cane, eicosane, heneicosane, and docosane (ranging from 139
to 215 pg/km). The newer Accord diesel vehicle had overall
lower alkane emissions, but emitted a more diverse profile of
these species than the Golf vehicle. In contrast, alkane levels
were low in the biodiesel vehicle since this type of biodiesel
(B100) does not contain alkanes. This is important in terms of
source apportionment modeling in fleets with a high proportion
of biodiesel vehicles.

Figure 4 shows the emission factors of organic acids de-
tected in our study. Hexadecanoic acid, octadecanoic acid, oleic
acid, linoleic acid, and linolenic acid are ingredients of soybean
biodiesel (Kincs 1985). High emissions of hexadecanoic acid,
octadecanoic acid, oleic acid, and linoleic acid are observed in
the biodiesel vehicle, consistent with the reported components.
Linolenic acid was not detectable in this vehicle’s emissions



Downloaded by [63.146.253.187] at 08:27 16 November 2012

GASOLINE, DIESEL, AND BIODIESEL PASSENGER VEHICLE EMISSIONS 507

mmm Accord Diesel
s DPF-Accord
fe+s mm Corolla Gasoline
— Golf Diesel
= L mmm Golf Biodiesel
Te+4 1 =
- = e =
—_ o T - ro s - -
€ ] 1 1
=< e+ o
o)
£
= .
s - -
8 te+2 T
L
p i _
Re] R
2 _
D e+ 4
S
Ll
1e+0 A
1e-1 - T T T T T T T T T
2 4 ) 3 ) ) @ @ & 4 4 2 )
oQQQ oQQs o"é\ & Q'bo Q’bo Q’é\ oQQS oQ'b(\ q,éf ‘)\é\ ) ‘-'@Q & o@o r}/s\\
& - @x\ & & & &é\o & & oo\ c}‘o\z S Q,‘Qo & 8
&S Q\é\ RO & & «° A7 A P
o Q& Q\\"L & (3_ c;‘){o Q-z\e <& <& v rdo’l/ > QJO O & Q()
O & X Y Y ,1,' Q& & < & & oy N} >
P A8 LA . S N A ] RS
AN ORS SERCA) 5
\2\\:1, %@ Q?% (s% 000 ) OQ? [ S
RO
N

FIG. 2. Emission factors (ng/km) of hopanes and steranes.

probably because it is an unstable compound with three double
bonds, in contrast to the other acids, which are much more sta-
ble. The biodiesel fuel used in the study is composed of methyl
esters produced from soybeans. During the combustion pro-
cess, these methyl esters may demethylate at high temperatures
(Knothe 2006). In particular, the biodiesel used in this study had
alow stability due to its high linolenic acid ester (5.8%) content.
Since the analyses of the fatty acids were done by converting

1e+6

these acids to methyl esters, the high emissions of these acids
are expected to originate from the esters, as well as the acids
formed during demethylation. The high emissions of organic
acids and/or esters are a result of incomplete combustion of
biodiesel fuel, which is also consistent with the higher PM mass
emissions from the biodiesel.

As described earlier, the DPF employed in this study was
a platinum coated silicon carbide filter of octagonal channel
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FIG. 3. Emission factors (ng/km) of selected n-alkanes.
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FIG. 4. Emission factors (ng/km) of selected organic acids.

cross-section with a cell density of 300 cells/in?. Figure 5 shows
the DPF removal rates of selected elements, PAHs, elemental
carbon, organic carbon and water soluble organic carbon, (for
the Accord vehicle, S and Fe are not included in the figure since
they were elevated in the DPF configuration). Elevated sulfur
concentrations were probably due to nucleation following the
filter as discussed earlier. Fe, on the other hand, was present in
trace levels with high uncertainties. Cu is excluded due to the
low levels observed and the associated uncertainties. Overall,
Figure 5 shows lower removal efficiency for certain elements

100

(35, 51, 71, and 80% for Ni, Co, Mn, and Cr, respectively).
Part of this lower removal efficiency may be due to analytical
uncertainties associated with the already low emission levels of
some of these trace elements.

The DPF removed much higher relative amounts of PAHs
than trace elements. All PAHs originally present in the Accord
vehicle were removed to levels below detection limits. Mean-
while, only 90% of the organic carbon was removed. Since
the DPF in the Accord vehicle also acted as a catalyst, the
differential removal efficiency for OC and the PAHs might be
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FIG. 5. DPF removal rates (%) of selected trace elements and metals, selected PAHs, elemental carbon, organic carbon, and water soluble organic carbon of the

Honda Accord vehicle.
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TABLE 5
DTT consumption rates (nmol/min x km) and ROS activity (ug of Zymosan units/km)
Accord diesel DPF-Accord Corolla gasoline Golf diesel Golf biodiesel
DTT consumption* 624 + 54 120+£1.3 29.1+24 1300 + 216 1040 + 124
ROS activity BDL BDL 20.1 £1.5 17.7 £ 2.7 102 +24

*Data reported in Table 2, Cheung et al. (2009).

due to a combined filtering/catalytic activity. The high removal
rate of PAHs confirms the effectiveness of the DPF in reducing
carcinogenic compounds, which is clearly one of the major ben-
efits of introducing this type of an after-treatment technology.

3.3. Correlations among PM Species

Table 4 presents correlations among the PM chemical species
analyzed. Values with correlation coefficients >0.80 and p <
0.05 are in bold. Results of Cu, heavy PAHs (MW > 276)
and steranes are not included, as only 2 out of 5 data points
have detectable values. Zn, P, and Ca are highly correlated
(R > 0.84) and are all significant ingredients of lube oil. Zn
and P are present in lube oil as zinc dithiophosphate, an antiox-
idant and anti-wear compound. The high correlations suggest
that these species mostly originate from lube oil, irrespective of
fuel and after-treatment technology used. The high correlations
(R > 0.88) of these elements (Zn, P, and Ca) with hopanes fur-
ther confirm this hypothesis. Furthermore, Na and K are well
correlated with organic acids (R = 0.99 and 1.0, respectively)
as they are derivatives from biodiesel.

3.4. Oxidative Potential

The DTT and macrophage-ROS assays were used to assess
the oxidative potential of PM samples in this study. Table 5
shows the DTT consumption rates and ROS activity values

expressed in units of distance driven. Results of DTT consump-
tion rates were discussed in greater detail by Cheung et al.
(2009) (Table 2). To summarize, the Golf vehicle produced the
most potent exhaust in terms of DTT-measured oxidative activ-
ity in both configurations. The DPF-Accord vehicle reduced the
distance-based oxidative potential by 98% compared to its orig-
inal configuration. The gasoline vehicle was also characterized
by a low DTT consumption rate due to its low mass emissions.

The macrophage-ROS assay is sensitive to transition metals
because of their ability to catalyze redox-reactions in which they
are not consumed. The per km-based ROS response provides
the actual toxicological activity imparted on the environment
and humans by these vehicles. The ROS activity, expressed
in ug of Zymosan units/km, is highest for the gasoline vehicle
despite its relatively low mass emissions. This is due to its higher
elemental content compared to the other four configurations.
The Accord vehicle, in contrast, demonstrates non-detectable
ROS-measured activity in both configurations (with or without
the DPF).

3.5. Correlations of PM Species with ROS and DTT
Correlations between ROS activity (ug of Zymosan
units/km), DTT consumption rates [nmol/(min x km)] and se-
lected trace elements (ng/km) were used to assess the toxicolog-
ical contribution of these species to each of these assays. Results
shown in Table 6 indicate that ROS is strongly correlated with

TABLE 6
Pearson correlation coefficients (R), corresponding significance levels (P), regression slopes (m) (g of Zymosan units/ng) or
[nmol/(min x ng)], and y-intercepts (b) (g of Zymosan units/km) or [nmol/(min x km)] between ROS activity (ug of Zymosan
units/km), DTT consumption rates [nmol/(min x km)], and selected elemental species (ng/km)

Cr Mn Co Ni  Zn Cd Ba Pb  ROS

Al Ca Fe K Mg Na P S \"

ROS

R 043 066 099 0.04 0.07 008 046 0.77 —-0.07

P 047 023 <0.01 099 091 090 044 0.13 091

m 836 0.13 30.2 0.00 022 0.01 028 0.06 —34.2

b 720 374 —-0.57 940 870 9.14 565 294 104
DTT

R 072 083 036 044 082 056 092 -037 0.79

P 0.17 0.08 056 046 0.09 033 0.03 054 0.11

m 859 105 670 1.11 152 524 348 —191 22631

b 355 146 375 479 -5.0 395 112 798 69.4

-027 079 035 037 036 024 021 0.53
066 011 057 055 055 070 073 0.35
—-20.1 11.6 133 646 032 1150 22.6 48.6
134 340 656 086 6.13 537 7.03 6.58

075 =031 057 012 09 083 095 0.67 024
0.15 061 031 085 001 008 001 022 0.69
3420 —282 13354 1299 522 248386 6285 3746 15.0
-46.3 751 296 425 349 =310 —113 396 4575
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TABLE 7
Pearson correlation coefficients (R), corresponding significance levels (P), regression slopes (m) [nmol/(min x ug)] or (g of
Zymosan units/p1g), and y-intercepts (b) [nmol/(min x km)] or (ug of Zymosan units/km) between DTT consumption rates
[nmol/(min x km)], ROS activity (ug of Zymosan units/km), and selected organic species (ug/km)

> PAHs, > PAHs, % Organic ¥ OA, 3 OA,
% PAHs MW < 228 MW =252 % Hopanes % Alkanes acids Co9-14 C15-29 DTT
DTT
R 0.94 0.93 0.78 0.91 0.77 0.47 0.77 0.47
P 0.02 0.02 0.12 0.03 0.13 0.42 0.13 0.42
m 76.9 82.3 757 15.2 1.10 0.12 57.8 0.12
b 142 172 228 212 311 468 231 469
ROS
R 0.45 0.43 0.46 0.44 0.40 0.07 0.37 0.07 0.24
P 0.45 0.46 0.44 0.46 0.51 0.91 0.55 0.91 0.69
m 0.60 0.63 7.22 0.12 0.01 0.00 0.45 0.00 0.00
b 6.03 6.33 6.04 6.53 7.16 9.27 6.73 9.28 7.21

soluble Fe (R = 0.99, p < 0.01); other elements such as S and
Mn also have correlations (R = 0.77 and 0.79, respectively)
that approach statistical significance. Valavanidis et al. (2000)
measured the generation of hydroxyl radicals and indicated that
oxidant generating activity is related to soluble iron ion con-
centrations. Since the measured ROS probe used in this method
is sensitive to HO" and H,O, (Schoonen et al. 2006), the high
correlation of Fe to ROS is consistent with previous findings
(Valavanidis et al. 2000). Another study by Aust et al. (2002)
evaluated the potential generation of ROS from vehicular PM
by measuring the formation of malondialdehyde, and concluded
that most ROS activity was caused by soluble iron, which is also
consistent with the findings presented here (Aust et al. 2002).
To a certain degree the ROS associations with other elements
may be confounded by the modest association of Fe with these
species, most of which are ingredients of lube oil (also shown
the moderate correlation of Fe with hopanes). It is interesting,
however, to note in Table 4 that other than these modest asso-
ciations, Fe is not highly correlated with any other organic and
inorganic species, and therefore its origin in the exhaust may be
due to factors other than lube oil, such as engine wear. Ni and V
are not correlated with ROS in this study, in contrast to previous
studies by our group (Verma et al. 2009). This is probably due
to their low emission factors (<50 ng/km for V and <7 ng/km
for Ni) observed in all the vehicles tested, and consistent with
the fact that Ni and V are species in urban atmospheres mostly
derived from fuel oil combustion and ships (Cass and McRae
1983; Isakson et al. 2001). P, Zn, and Ba appear to have high
and significant correlations with DTT. As discussed earlier, high
correlations within P, Zn, and hopanes indicate that they are ex-
clusively from lube oil. Hence, the high correlation of P and Zn
with DTT might be confounders of organic species that at least
mechanistically influence the DTT-measured oxidative activity.

Correlations between DTT consumption rates, ROS activity
and selected organic species are shown in Table 7. Organics are

the major species driving DTT, consistent with many previous
studies by our group (Cho et al. 2005; Ntziachristos et al. 2007,
Biswas et al. 2009a). Results of heavy PAHs (MW > 276) and
steranes are not included, as only two of the five data points
have detectable values. The correlation analysis indicates that
DTT rates are strongly correlated with the following species:
Sum of PAHs (R = 0.94), lighter MW PAHs (R = 0.93), and
hopanes (R = 0.91). Since heavier PAHs (MW = 252) are
water insoluble, they are less correlated with DTT. The high
emissions of organic acids (OA) from biodiesel do not seem to
affect DTT. PAHs and hopanes have moderate correlations with
ROS, but none of which reach significance. ROS and DTT are
not correlated with each other due to the different development
of oxidative stress in each method.

4. CONCLUSIONS

In summary, our results showed that the Golf vehicle (in
both petro-diesel and biodiesel) emitted the most redox potent
exhaust per km driven and also had the highest emissions of
organic species (PAHs, hopanes, steranes, and organic acids).
The biodiesel vehicle had elevated emissions of several organic
acids due to incomplete combustion, although they did not seem
to affect the oxidative properties of the emitted PM. The DPF-
equipped Accord diesel car, by comparison, was effective in
reducing overall PAHs and PM mass, and had the least potent
emissions measured by both DTT and ROS assays. Thus, to re-
duce the emissions of carcinogenic aromatics, the use of advance
after-treatment technologies and/or cleaner fuel may be a better
remedy than the use of biodiesel. Our results indicated that sol-
uble Fe is highly correlated with particulate ROS activity (R =
0.99), while PAHs and hopanes are highly correlated with the
DTT consumption rates (R = 0.94 and 0.91, respectively). The
DTT-measured PM activity was found to be strongly associated
with tracers of lube oil emissions, such as Zn, P, Ca, and hopanes
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(R =0.96, 0.92, 0.83, and 0.91, respectively), suggesting that
incomplete combustion of lube oil plays a significant role in the
overall PM-induced toxic activity of vehicular exhaust.
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